 In this work, dimethyl methylphosphonate (DMMP) was used as a flame retardant to prepare flame-retardant rigid polyurethane foam (RPUF). The LOI value of RPUF is increased from 18.2 (for RPUF without DMMP) to 26.5. TGA results indicate that the first and the third maximum weight loss temperature (T max1 and T max3 ) increase. Cone calorimeter (CC) results show that the peak of heat release rate (HRR) and smoke production rate (SPR) are respectively decreased by 43.1% and 22.4%, indicating that DMMP endows RPUF with excellent flame retardant properties. Particularly, the addition of DMMP hardly affects the physical-mechanical properties and morphology of RPUF.
INTRODUCTION
As we all know, rigid polyurethane foam (RPUF) is one of the most important thermoset polymers, which has a wide range of applications in freezers and refrigerators, building materials, imitation-woods, inter ior decoration products [1] . However, the application of RPUF was greatly restricted due to its flammable characteristic [2] . Hence, improving the fire behaviour and thermal stability of RPUF is of great value.
In recent years, many efforts have been directed to improve the flame retardancy of RPUF. Incorporating flame-retardant additives into foams by simply mechanical mixing is the most widely way. Generally, most flame-retardant additives are inorganic ones, mainly aluminum hydroxide (ATH), magnesium hydroxide (MH), expanded graphite (EG), antimony oxide, borate, inorganic phosphate and organic ones based on halogen, phosphorus, nitrogen, and silicon [3, 4] . To some extent, inorganic flame retardant additives can inhibit the generation of smoke, but they are incapable of scattering uniformly in and combining firmly with matrix resin, thus having no significant improvement on the LOI value. Halogen-based additive is a kind of effective flame retardant for RPUF. However, the European Community proposed to restrict the usage of brominated diphenyl oxide flame retardants due to the highly toxic and potentially carcinogenic brominated furans and dioxins formed during combustion [5] . Therefore, more attention has been paid recently to developing halogen-free flame retardants to replace the halogenated ones.
To overcome the dispersion problem of flame-retardant additives with RPUF, an ideal flame retardant should be used. In this work, DMMP was used as a flame retardant. The effects of DMMP on the morphological, thermal, and flame-retardant properties of RPUF were well investigated. All of the results show that DMMP has little negative influence on the physical-mechanical properties of flame-retardant RPUF, but endows RPUF with good flame retardancy and high LOI value.
EXPERIMENTAL Materials
Polyether polyols (DD-4110, average functionality 3.0, OH content 418. 
Preparation of Flame-retardant RPUF.
The flame-retardant RPUF samples were prepared by the one-pot and free-rise method, and the details is shown as follows: polyether polyols (DD-4110), catalyst (DMCHA), surfactant (B8486), blowing agent (HCFC-141b) and flame retardant (DMMP) were well mixed in a 1 L plastic beaker. Next, methylenediphenyl diisocyanate (MDI) was added into the beaker with vigorous stirring for 10s. The mixture was immediately poured into an open steel mold (20 × 20 × 6 cm 3 ) to obtain free-rise foam. The foam was cured at 60℃ in an incubator for 40 min to accelerate the curing process. After preparation, the samples were cut into the desired shapes and sizes according to the corresponding standards for the properties evaluations.
Characterization
The surface morphologies of RPUF were investigated with scanning electron microscopy (SEM) on a FEI Quanta 200 FEG. Thermal conductivity of the foams was measured using a thermal conductivity analyzer (DZDR-PL, China) according to the ASTMC518 standard. Compressive test was completed according to the GB/T 1040.1-2006 at a speed of 20 mm/min. LOI value was measured according to the ASTMD 2863-97 to examine the flammability of RPUF. Thermogravimetric analysis (TGA) was carried out by a TG 209F1 (NETZSCH, Germany) thermogravimetric analyzer under N 2 atmosphere at a heating rate of 10℃/min with the temperature range from 40 to 700℃. The fire measurement was performed using a cone calorimeter (FTT, UK) instrument according to ISO 5660-1 under a heat flux of 35 kW/m 2 .
RESULTS AND DISCUSSION
Physical-mechanical properties of RPUF. Thermal conductivity and compressive strength are important mechanical properties for the application of RPUF on external insulation materials. Fig. 1 Cell morphology of RPUF. Fig. 2 displays the morphologies of neat RPUF and RPUF with different content of DMMP. The cell shapes in the neat RPUF and flame retardant RPUF all appear cellular polyhedral and little cell collapse or collision is observed. It is understandably that DMMP presents a viscous liquid, so that it has a good compatibility with the polyurethane matrix. That should be the reason for the little differences of physical-mechanical properties between neat RPUF and flame-retardant RPUF. 
TGA and DTG analysis of RPUF.
It is reported that the thermal degradation of polyurethanes occurs in a two to three-step process. The TG/DTG curves of neat RPUF and RPUF with different contents of DMMP in nitrogen atmosphere are presented in Fig. 3 . It can be seen that the decomposition of RPUF has a two-step degradation process at 260-400 and 400-540℃, respectively. However, the decomposition of flame retardant RPUF takes place at three stages, namely 190-260, 260-400, and 400-540℃, respectively. The last two degradation processes of flame-retardant RPUF are agreed with that of neat RPUF. The first degradation step is mostly likely due to the weight loss of DMMP. The second degradation step happened from 260-400℃ is attributed to the cleavages of the urethane bonds and the ether bonds of the polyol to form volatile products such as aldehydes, ketones, carbon dioxide and water. The third degradation step happened from 400-540℃ is ascribed to the oxidative decomposition of isocyanate and aromatic compounds. The relevant data of thermal decomposition of RPUF are listed in Table 1 . It can be seen that with the increase of DMMP content, there is a slight decrease of the onset decomposition temperature (T 5% ), but the first and the third maximum weight loss temperature (T max1 and T max3 ) increase. The increase of T max1 and T max3 may due to the decomposition of DMMP to promote the formation of char, thus protecting PRUF from further degradation. Flammability tests. The flame retardant properties of neat RPUF and RPUF with different contents of DMMP were characterized by cone calorimeter measurement and LOI. In Fig. 4 , it is evidently that with the increase of DMMP content, LOI values of RPUF increase significantly. After the content of DMMP reaches 30 php, the values almost remained invariant, indicating that the best addition of DMMP was 30 php. Heat release rate (HRR) is another key parameter to assess the fire development of materials, and the peak HRR (PHRR) is used to characterize the growth rate of fire. As revealed in Fig. 5 , the PHRR is 128 kW/m 2 for the RPUF containing 30 php DMMP, which is much lower than that of neat RPUF (225 kW/m 2 ). This result may due to the decomposition of DMMP and formation of char layer.
In this paper, smoke production rate (SPR) is used to measure the smoke emission behavior. It is clear that the addition of DMMP could significantly reduce the SPR of RPUF. The SPR value for RPUF containing 30% DMMP is 0.090 m 2 /s, which reduces by 22.4%. This result is probably due to the formation of continuous carbon layer that reduces the smoke production rate. 
SUMMARY
In this paper, dimethyl methylphosphonate (DMMP) was used as a flame retardant to prepare flame-retarded rigid polyurethane foam (RPUF). The results show that DMMP has little impact on the physical-mechanical properties of the flame-retardant RPUF. TGA results indicate that the first and the third maximum weight loss temperature (T max1 and T max3 ) increase. With the increase of DMMP content, LOI values of RPUF increase significantly but almost remains invariant after the addition of DMMP exceeds 30 php. Cone calorimetric results show that the peak of heat release rate (HRR) and smoke production rate (SPR) are respectively decreased by 43.1% and 22.4%, indicating that DMMP endows RPFU with good flame retardancy.
